We have detected species, strain, and sexspecific genetic markers for the genus Schistosoma by Southern blot analysis of its DNA using cloned DNA segments of the Schistosoma mansoni ribosomal gene as probes. Restriction analysis of DNA from eight different strains of S. mansoni, from Africa and the Caribbean, revealed that the predominant or major DNA fragment containing the ribosomal gene unit was the same in each but that low copy number or minor fragments containing the gene varied. It was shown that the detection of these minor fragments could serve as the basis for both strain differentiation and the analysis of individual differences within a strain. Analysis of the parents and progeny of a genetic cross revealed sex-linked markers and suggested that these markers are inherited in a Mendelian fashion. DNAs from the species Schistosoma haematobium and Schistosoma japonicum were also analyzed. Differences in the length of the major repeating unit of the ribosomal gene served to distinguish each species. Furthermore, an array of minor bands was detected in each species, suggesting that strains of S. haematobium and S. japonicum could be differentiated in the same manner as S. mansoni strains.
Schistosomes are parasitic trematodes and are a major cause of human disease in parts of Africa, Asia, South America, and the Caribbean. There are 17 species of Schistosoma, which are separated into three groups based on egg morphology. Each grouping of species is further differentiated by anatomical, developmental, and host range characteristics. However, few methods exist for distinguishing parasites within a species, a problem which may be of critical importance. Intraspecies diversity may be the basis of differences in the course and severity of the disease in humans or be related to its epidemiology. Certainly, differences in snail infectivity (1, 2) , drug resistance (3) , and isoenzyme patterns (4, 5) among parasites of a single species suggest that considerable genetic variability does exist. Further, pathogenicity of Schistosoma mansoni as measured in mice seems to relate to genetic differences within the infecting parasite (6, 7) . Whether this variability among individuals of a species relates to the particular frequencies of relevant genes in a population or to the presence of coexisting but separate subspecies is not known. The use of population-specific markers to trace variants both geographically and through genetic crosses should help clarify these points.
We report here that potentially useful population-specific markers can be found by analyzing DNA both from strains and from individual parasites by a Southern blot procedure using cloned segments of the ribosomal gene as radiolabeled probes. Although ribosomal genes are probably not linked to genes influencing factors like pathogenicity, they still provide useful strain distinctions in this system. Interactions between parasite and host tend to concentrate populations into foci, allowing genetic differences that would otherwise be homogenized to persist.
EXPERIMENTAL PROCEDURES
Enzymes. Restriction endonucleases were purchased from either Boehringer Mannheim or Bethesda Research Laboratories. Digestions were carried out in enzyme excess, with the conditions recommended by the manufacturer.
DNA Isolation. DNA was isolated from populations of schistosomes as described earlier (8) . DNA from individual worms was extracted as follows. Each worm was frozen in dry ice and then pulverized with a glass rod. The homogenate was thawed into 50 Al of 50 mM Tris-HCl (pH 8.0) containing 50 mM EDTA and 100 mM NaCl (extraction buffer) at 37TC. When thawed, an equal volume of extraction buffer containing 1% NaDodSO4 and 10 ,Ag of proteinase K was added and the solution was incubated at 37TC for 1 hr. The lysate was then extracted twice with an equal volume of phenol and once with chloroform. Five micrograms of tRNA (Boehringer Mannheim) or 5 Ag of salmon sperm DNA was added to the solution and then it was adjusted to 0.3 M with sodium acetate and precipitated with 2 vol of ethanol.
Parasites. Adult worms and cercariae of S. mansoni strains were provided by the Biomedical Research Institute (Rockville, MD). Schistosoma haematobium and Schistosoma japonicum used in this study were provided by a National Institute of Allergy and Infectious Diseases supply contract (Al 02656). Cercariae resulting from genetic crosses of the PRC3 and PRT3 strains (Table 1) were kindly provided by A. Cheever. Cercariae were concentrated by centrifugation, washed once with phosphate-buffered saline (pH 7.6), and frozen at -70TC. Seven-to eight-week-old adult worms were perfused from the mesenteric veins of outbred Swiss mice by the technique of Duvall and DeWitt (9) . Perfusion fluid consisted of 0.15 M NaCl/0.025 M sodium citrate. The worms were washed by sedimentation and frozen in dry ice in a minimal volume of perfusion fluid.
Southern Blot Analysis. DNA fragments were separated by agarose gel electrophoresis after cleavage by the appropriate restriction endonuclease, transferred from the gel to nitrocellulose (10) , and hybridized to a 32P-labeled probe. The (Table 1) . These strains of parasites were originally differentiated on the basis of date and place of isolation, snail infectivity characteristics, or both ( Table  1 ). The method of differentiation described here results from Southern blot analysis of'parasite DNA by using cloned segments of the S. mansoni ribosomai gene ( Fig. 1) as radiolabeled probes. With these particular probes we were able to identify differences characteristic of particular strains (Figs. 2 and 3) as well as differences among individuals within a strain (Fig. 4) . As described below, DNA from all S. mansoni that we have tested contains the same predominant or major restriction fragment homologous to these gene segments; in addition, there are minor, variable-sized fragments, referred to here as polymorphic forms, which vary from strain to strain and even from individual to individual. The pattern of polymorphic forms has remained stable in our laboratory strains over the 3-year period of our studies.
Southern Blot Analysis Distinguishes Strains of S. mansoni. Variability in the length of a complete rDNA unit was measured by Southern blot analysis and the resulting strain-specific DNA patterns were compared. DNAs from seven different strains were restricted with the enzyme Bgl I, which cuts each ribosomal gene unit only once, yielding unit length fragments. Southern blot analysis of the restricted DNA by using probe 2 is shown in Fig. 2 . All strains have a major band at 10 kb, indicating homogeneity within the species among strains both from Africa and Puerto Rico. However, the complement of minor bands varied among strains. PR2 and PRC3 (lanes 1 and 2) are clearly distinguishable and have minor bands'not found in other strains. PRT3, A20K, and A22A (lanes 3, 4, and 6), a Puerto Rican and two African strains, respectively, are nearly identical. A21Z and A23CAR (lanes 5 and 7) can be distinguished from other strains but contain no bands unique to either strain. Southern blots like those shown in Fig. 2 were analyzed with probe 3. This probe, which contains only nontranscribed spacer and therefore should not hybridize to contaminating DNA (host, bacterial, etc.), gave identical results. This experiment confirms the schistosome origin of each DNA band.
Measurement of unit lengths, which encompass all of the alterations in different parts of the gene, is clearly useful for strain differentiation, but slight variations in size of the entire rDNA unit may be difficult to resolve technically. Thus, strain differences were also determined by measuring polymorphism in a smaller segment of the ribosomal gene spanned by probe 1, which is a 3.2-kb BamHI fragment including parts of the nontranscribed spacer area and the coding region for the small rRNA. This approach increased the sensitivity of our measure of strain differences. An example of the use of probe 1 for strain differentiation is shown in 2), with some variation. Band d in parasites 1 and 2 is the same size as the PRC3-specific band shown in Fig. 2 . Parasite 3 has a pattern that is much the same as the PR2 population shown in Fig. 2 . Parasites 3-6 have bands (c and f) that are prominent in each DNA analyzed in the experiment shown in Fig. 2 . Band e in parasites 1 and 2 appears to be specific to the NMRI strain. Generally, individuals from the NMRI strain are of a small number of types, the number of polymorphic forms per individual varies only slightly with probe 1, and there may be some linkage between forms. Future analyses of individuals on a larger scale should provide data that establish characteristics of a population or gene pool. Populations from the wild may prove to be even more diverse than these laboratory strains. Analysis of Parents and Progeny of a Genetic Cross. The behavior of these markers during a genetic cross was also tested (Fig. 5) . Populations of parents and F1 progeny were compared by DNA analysis as described above. Males from one population were crossed with females of another. DNA analysis of the F1 population revealed a composite of the parental patterns, with one exception. One band from each strain appears to be sex linked ("SL," Fig. 5 ) and passed only from the female, which is the heterochromatic partner in schistosomes (11) . Other bands are strain specific and carried by either sex. Finally, many bands are common to both strains. No anomalies were detected in the transfer of these DNA segments to the F1 generation and they appear to segregate in a Mendelian fashion, although individuals of this and future generations should be tested to confirm this point. low, the measurement of polymorphism in the area spanned by probe 2 was also useful for strain differentiation. The diversity detected by these two probes results from variation in different areas of the ribosomal gene unit and thus these probes might profitably be used in conjunction.
Individual Parasites of a Single Strain Differ. The pattern resulting from analysis of the DNA isolated from an entire population is the composite of the patterns of its individual members. Clearly, a procedure of this type needs to be applied to individual worms if it is to be of maximal epidemiological and genetic use. It is important to define the number of different types of patterns found in individuals of a population and whether or not any polymorphic patterns are linked. We have analyzed DNA both from large populations and from individuals bf the NMRI strain. This strain has been maintained in the laboratory on a large scale and may thus have more individual diversity than othertlaboratory strains. We have found that about 1 pg of DNA can be extracted from a single adult worm, which is ample DNA for Southern blot analysis. More than 60 individual adult worms were analyzed by using probes 1 and 2 and, although many worms were identical, there were several variant types. Analysis of the DNA from each of 6 adult male individuals as well as from an entire population of >3,000 worms is shown in Fig.  4 . At least three patterns are represented in the 6 individual worms (Fig. 4A ) and the composite of these three types would look like the pattern derived from the DNA of the Comparison of Schistosome Species. We were also interested in whether or not this type of approach could be used to distinguish species and differentiate strains within other species groups. We have analyzed DNA from each of the three main species of human schistosomes S. mansoni, S. haematobium, and S. japonicum for the size of the ribosomal gene repeating unit length (Fig. 6A ) and for polymorphism in the area of the nontranscribed spacer (Fig. 6B) . The unit length analysis was done with the restriction nuclease Bgl I, as was shown in Fig. 3 . Restriction mapping of the genes from each species has confirmed that BgI I cuts only once per unit length in each (data not shown). Two features are apparent. (i) The major unit length fragment produced by restriction is different in each species; differences in these three species then are reflected in a change in the size of the major gene unit; and (ii) DNA from each species contains an array of minor polymorphic forms, which are of potential use in strain differentiation. The measurement of polymorphism in the nontranscribed spacer confirms this point (Fig. 6B) . These results indicate that our rDNA probe will be useful for strain differentiation in other schistosome species.
Usefulness and Potential Applications of the DNA Marker Approach. This work clearly establishes that schistosomes can be distinguished from each other by using molecular probes. We have found species-, strain-, and sex-specific DNA differences in laboratory strains. This approach will This approach must be extended to use of schistosome DNA from eggs and from infected snails gathered from the field. Perhaps the most important ramification of this work is that it will permit epidemiologists to distinguish different parasites of a single species and trace their origin. Such studies should allow one to test whether or not differences in host range, pathogenicity, or drug resistance are related to the subspecies variation of the parasite.
